Physical mechanism for dynamic recrystallization of NiTi shape memory alloy subjected to local canning compression at various temperatures, 600, 700 and 800 • C, was investigated via electron backscattered diffraction experiments and transmission electron microscopy observations. With increasing deformation temperature, fractions of recrystallized grains and substructures increase, whereas fraction of deformed grains decreases. In the case of 600 and 700 • C, continuous dynamic recrystallization and discontinuous dynamic recrystallization coexist in NiTi shape memory alloy. In the case of discontinuous dynamic recrystallization, the recrystallized grains are found to be nucleated at grain boundaries and even in grain interior. The pile-up of statistically stored dislocation lays the foundation for the nucleation of the recrystallized grains during discontinuous dynamic recrystallization of NiTi shape memory alloy. Geometrically necessary dislocation plays as an important role in the formation of new recrystallized grains during continuous dynamic recrystallization of NiTi shape memory alloy.
Introduction
NiTi-based shape memory alloys (SMAs) have been widely used in the engineering fields because they possess shape memory effect as well as superelasticity [1, 2] . It is well known that plastic deformation at high temperatures is of great importance in manufacturing the products of NiTi-based SMAs [3] [4] [5] . In particular, dynamic recrystallization (DRX) frequently occurs during plastic deformation of NiTi-based SMAs at high temperatures [6] [7] [8] [9] . It can be generally accepted that DRX has an influence on the microstructures of metallic alloys, which further have an effect on the mechanical properties [10, 11] . As a consequence, it is important to investigate the DRX mechanisms of metallic alloys subjected to plastic deformation at high temperatures. In recent years, many researchers have devoted themselves to investigating the DRX of various metals subjected to uniaxial compression at high temperatures [12] [13] [14] [15] [16] [17] . However, only a few literatures related to the DRX of NiTi-based SMAs have been reported. Yin et al. studied the mechanisms of DRX in the 50Ti-47Ni-3Fe SMA by means of uniaxial compression tests at the temperatures ranging from 750 to 1050 • C and at the strain rates ranging from 0.01 to 10 s −1 , where continuous dynamic recrystallization (CDRX) was found [6] . Basu et al. investigated the DRX in an Ni-Ti-Fe SMA subjected to uniaxial compression at the temperatures of 750, 850 and 950 • C, respectively, and they found that the DRX is able to suppress calorimetric signatures of phase transformations from austenite to martensite [7] . Mirzadeh and Parsa investigated hot compression behavior of 50.5 at % Ni-49.5 at % Ti SMA via flow stress curves at the temperatures ranging from 700 to 1000 • C and at the strain rate of 0.1 s −1 , where the typical single-peak DRX behavior was observed [9] .
All the aforementioned investigations related to the DRX of NiTi-based SMAs were performed in the case of uniaxial compression at the temperatures above 700 • C. In addition, none of them focused on the mechanism of DRX in NiTi-based SMAs. In fact, the DRX may occur in the NiTi-based SMA which is deformed at a lower temperature of 600 • C [8] . It is well known that the deformation temperature is able to influence the mechanism of DRX. Furthermore, local canning compression may result in a different DRX behavior since it is able to provide a three-dimensional compression stress for the deformed materials. As a consequence, in the present work, a binary NiTi SMA was subjected to local canning compression at three temperatures (600, 700 and 800 • C) so as to investigate the physical mechanism of DRX.
Materials and Methods

Local Canning Compression
Commercially hot-rolled binary NiTi SMA bar with the composition of Ni 50.9 Ti 49.1 (at %) and the diameter of 12 mm was used as raw material. The NiTi SMA bar was provided by Xi'an saite metal materials development Co., Ltd., Xi'an, China. The NiTi SMA samples, whose diameter and height are 4 and 6 mm, respectively, were removed from the as-rolled NiTi SMA bar along the axial direction via an electro-discharge machining (EDM) (DK7725, Jiangsu Dongqing CNC Machine Tool Co., Ltd., Taizhou, China). Subsequently, they were locally canned by the cans made of low carbon steel. Therein, the inner diameter, outer diameter and the height of the cans are 4, 10 and 3 mm, respectively. Afterward, the local canning compression experiments were carried out on the INSTRON 5500 equipment (Instron Corporation, Norwood, MA, USA) at the strain rate of 0.05 s −1 and at 600, 700 and 800 • C, respectively. Furthermore, all the canned NiTi SMA samples were compressed by 75% in height. Subsequently, all the compressed NiTi SMA samples were quenched into water at room temperature. Finally, the compressed NiTi SMA samples were removed from the steel cans.
Materials Characterization
The samples for electron backscattered diffraction (EBSD) measurements were prepared based on the cross section which is parallel to axial direction of the as-rolled NiTi SMA bar as well as the compressed NiTi SMA samples. The NiTi SMA samples for EBSD observation were mechanically polished and subsequently electropolished in a solution, which is composed of 30% HNO 3 and 70% CH 3 OH by volume fraction, at −30 • C. EBSD experiments were performed on the NiTi SMA samples via Zeiss ULTRA plus scanning electron microscope (SEM) (University of South Carolina, Columbia, SC, USA), which is equipped with Oxford Instruments AZtec integrated energy-dispersive spectroscopy (EDS) and EBSD system. Microstructures of the compressed NiTi SMA samples were characterized via transmission electron microscopy (TEM). Foils for TEM observation were mechanically ground to 70 µm and then thinned by twin-jet polishing in an electrolyte which is composed of 6% HClO 4 , 34% C 4 H 10 O and 60% CH 3 OH by volume fraction. TEM observations were carried out on a FEI TECNAI G2 F30 microscope (FEI Corporation, Hillsboro, OR, USA), which possesses a side-entry and double-tilt specimen stage with angular range of ±40 • at an accelerating voltage of 300 kV.
Results
EBSD Analysis of Microstructural Evolution
Based on EBSD experiment, the microstructure of the as-rolled NiTi SMA bar was characterized, and the corresponding results were shown in Figure 1 . It can be seen from Figure 1 that the grains of the as-rolled NiTi SMA bar exhibit a certain preferential orientation, where <110> texture is dominant according to orientation distribution function (ODF). In addition, it can be found that the misorientation of the grains basically follows a normal distribution except that the grains with the misorientation of 1-2 • exhibit a higher frequency, as shown in Figure 1c . In addition, it can be noted from Figure 1d that the size of grains mainly ranges from 10 to 60 µm.
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TEM Observation of Microstructural Evolution
TEM micrographs of NiTi SMA subjected to local canning compression at 600, 700 and 800 °C are shown in Figures 5, 6 and 7, respectively, so that the corresponding mechanisms of DRX are further clarified. It can be found from Figure 5a that in the case of 600 °C, a high density of dislocations is distributed in the matrix of NiTi SMA with B2 austenite phase. In addition, the subgrain with low angle grain boundary can be observed in Figure 5c , where plenty of dislocations are distributed in the subgrain interior. In particular, the recystallized grains can be observed in the grain interior in Figure 5d . However, as for NiTi SMA subjected to local canning compression at 700 °C, dislocation density is obviously reduced, as shown in Figure 6a . The recystallized grain can be observed in the grain interior, as shown in Figure 6c , where plenty of dislocations are distributed in the recystallized grain. Moreover, a triple-junction grain boundary can be observed in Figure 6d , where a few dislocations are distributed near the grain boundary. In particular, no recystallized grain can be seen in the grain interior. However, when NiTi SMA is subjected to local canning compression at 800 °C, dislocation density is substantially reduced, as shown in Figure 7a . It is very difficult to capture the whole recrystallized grain as well as the subgrain by means of TEM observation. It can be observed that the parallel dislocation array is distributed near the grain boundary due to the pile-up of dislocations at the grain boundary. 
TEM micrographs of NiTi SMA subjected to local canning compression at 600, 700 and 800 • C are shown in Figures 5-7 , respectively, so that the corresponding mechanisms of DRX are further clarified. It can be found from Figure 5a that in the case of 600 • C, a high density of dislocations is distributed in the matrix of NiTi SMA with B2 austenite phase. In addition, the subgrain with low angle grain boundary can be observed in Figure 5c , where plenty of dislocations are distributed in the subgrain interior. In particular, the recystallized grains can be observed in the grain interior in Figure 5d . However, as for NiTi SMA subjected to local canning compression at 700 • C, dislocation density is obviously reduced, as shown in Figure 6a . The recystallized grain can be observed in the grain interior, as shown in Figure 6c , where plenty of dislocations are distributed in the recystallized grain. Moreover, a triple-junction grain boundary can be observed in Figure 6d , where a few dislocations are distributed near the grain boundary. In particular, no recystallized grain can be seen in the grain interior. However, when NiTi SMA is subjected to local canning compression at 800 • C, dislocation density is substantially reduced, as shown in Figure 7a . It is very difficult to capture the whole recrystallized grain as well as the subgrain by means of TEM observation. It can be observed that the parallel dislocation array is distributed near the grain boundary due to the pile-up of dislocations at the grain boundary. 
Discussion
It is well known that DRX frequently occurs in the metal materials subjected to hot working. Consequently, the new grains, which are completely different from the original ones, arise in the initial microstructures. Furthermore, the factors, which have an influence on DRX, deal with deformation temperature, plastic strain, strain rate and nature of metal materials. So far as the latter is concerned, stacking fault energy is related closely to DRX of metal materials. In particular, it is generally accepted that DRX can be divided into discontinuous dynamic recrystallization (DDRX) and CDRX. In the case of DDRX, the formation of the recrystallized grains deals with the nucleation and the growth of new grains. In other words, DDRX has a characteristic of repeated nucleation and finite growth. However, in terms of CDRX, subgrain structures with low angle grain boundary are induced at the primary stage of plastic deformation and they are progressively transformed into the new grains with high angle grain boundaries after experiencing large plastic strain. In general, DDRX takes place in the metal materials with low to medium stacking fault energy at high temperatures more than 0.5Tm, where Tm is the melting point of the metal materials. The melting point of the NiTi SMA used in the present study is determined as 1300 °C or so. CDRX is found to occur in all the metal materials regardless of their stacking fault energy when the deformation temperature is above 0.5Tm and the metal materials are subjected to severe plastic deformation. However, at high temperatures above 0.5Tm, CDRX are frequently observed in the metal materials with high stacking fault energy [10, 11] .
It is well known that dislocation density plays an important role in DRX of metals. In the case of DDRX, in particular, dislocation density shall become a driving force that facilitates the nucleation of new recrystallized grains during plastic deformation. In general, the new recrystallized grains are free of dislocations during DDRX. However, in the case of CDRX, the dislocations are progressively absorbed during transformation from low angle grain boundaries to high angle grain boundaries. Furthermore, CDRX frequently occurs along with DRV. Consequently, the dislocations can be 
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It is well known that dislocation density plays an important role in DRX of metals. In the case of DDRX, in particular, dislocation density shall become a driving force that facilitates the nucleation of new recrystallized grains during plastic deformation. In general, the new recrystallized grains are free of dislocations during DDRX. However, in the case of CDRX, the dislocations are progressively absorbed during transformation from low angle grain boundaries to high angle grain boundaries. Furthermore, CDRX frequently occurs along with DRV. Consequently, the dislocations can be frequently observed in the recrystallized grains based on CDRX. According to the aforementioned analysis, it can be deduced that in the present study, DDRX and CDRX coexist during plastic deformation of NiTi SMA at 600 and 700 • C. It has been reported in the literatures that stacking fault energy is not a rigorous factor distinguishing between DDRX and CDRX since DDRX is observed in the metals with high stacking fault energy [18] , while CDRX is observed in the metals with low stacking fault energy [19] . It can be generally accepted that DDRX frequently occurs in NiTi-based SMA [6] [7] [8] . However, recent literature has shown that CDRX is captured in NiTiFe SMA [9] . However, it seems that DDRX is dominant in NiTi SMA subjected to plastic deformation at 800 • C, while it is unclear that whether CDRX is able to arise since the experimental evidence is insufficient in the present work.
It can be generally accepted that during DDRX of NiTi SMA, there is a competition between hardening mechanism due to dislocation storage and softening mechanism due to dislocation elimination. The competition mechanism is described as follows. When NiTi SMA is subjected to plastic deformation, the dislocation density increases with increasing plastic strain, and consequently the increase of the dislocation density leads to the occurrence of hardening mechanism. Simultaneously, the increasing dislocation density provides a driving force for the nucleation of the dynamic recrystallized grains, and thus the formation of the dynamic recrystallized grains result in the decrease of the dislocation density [11, 20] . In the meantime, the DRV process is relatively slow, so the dislocation density is able to achieve a sufficiently high value to promote the nucleation of new recrystallized grains during plastic deformation. In general, the new recrystallized grains are nucleated preferentially at the grain boundaries, especially at the triple-junction of grain boundaries. The phenomenon is attributed to the fact that the dislocation density exhibits a higher value at the grain boundaries due to the pile-up of dislocations. However, according to the aforementioned results, it seems that the recrystallized grains are able to be nucleated in the grain interior. In general, NiTi SMA is in a three-dimension compressive stress state when it is subjected to local canning compression. This shall lead to the occurrence of high plastic strain in the local region of the grain interior. As a consequence, local high plastic strain results in local high dislocation density, which provides a driving force for the nucleation of the recrystallized grains in the grain interior. Of course, the corresponding experiment evidence shall be performed in the future.
In order to better give an insight into the distinction between DDRX and CDRX and to deeply understand the role of the dislocation density in DRX of NiTi SMA, the dislocation can be divided into statistically stored dislocation (SSD) and GND. In general, SSD is inherently responsible for plastic flow based on crystallographic slip on the distinct slip planes. However, GND results from the inhomogeneous plastic deformation, which is responsible for accommodating a given strain gradient and preserving crystallographic lattice compatibility. When NiTi SMA is subjected to plastic deformation at high temperatures, the slip systems are activated and consequently plenty of SSDs pile up towards the grain boundary. A high density of dislocations at the grain boundary lays the foundation for the nucleation of the recrystallized grains during DDRX of NiTi SMA. SSDs can tangle with each other even in the grain interior, and thus a high density of dislocations is formed in the grain interior. As a consequence, it is possible for the recrystallized grains to be nucleated in the grain interior. It can be generally accepted that there is not a rigorous dividing line between SSD and GND. In the case of CDRX, SSDs can be transformed into GNDs, which shall constitute the subgrain boundary. With the progression of plastic deformation, the subgrain boundary progressively absorbs GNDs and finally the new recrystallized grains are formed. It seems that GND plays a more important role in the formation of the new recrystallized grains during CDRX.
Conclusions
(1) In the case of 600 and 700 • C, DDRX and CDRX coexist in NiTi SMA. In the case of DDRX, the recrystallized grains are found to be nucleated at the grain boundary and even in the grain interior. The pile-up of SSDs lays the foundation for the nucleation of the recrystallized grains during DDRX of NiTi SMA. GND plays a significant role in the formation of new recrystallized grains during CDRX of NiTi SMA. DDRX of NiTi SMA is attributed to a competition between hardening mechanism due to dislocation storage and softening mechanism due to dislocation elimination. In the case of CDRX, subgrain structures with low angle grain boundary are induced at the primary stage of plastic deformation and they are progressively transformed into the new grains with high angle grain boundaries after being subjected to large plastic strain. Furthermore, the dislocations are progressively absorbed during transformation from low angle grain boundaries to high angle grain boundaries.
(2) With increasing deformation temperature, fractions of the recrystallized grains and the substructures increase, whereas the fraction of the deformed grains decreases. Dynamic recrystallization has a significant influence on the texture evolution of NiTi SMA. In particular, <110> texture of the as-rolled NiTi SMA is transformed into <111> texture of the compressed NiTi SMA as a result of plastic deformation. Furthermore, the intensity of <111> texture increases with increasing deformation temperature. It can be deduced that local canning compression causes NiTi SMA to be in a three-dimensional compressive stress state, which contributes to the occurrence of DRX. Furthermore, under the action of a three-dimensional compressive stress, the grains of NiTi SMA are preferentially orientated along with plastic deformation. As a consequence, <111> texture is formed under the simultaneous action of DRX and compression deformation. The formation mechanism of <111> texture shall be further investigated in the future.
